Biol Invasions (2023) 25:1643-1658
https://doi.org/10.1007/s10530-023-03002-w

ORIGINAL PAPER

q

Check for
updates

Non-native fishes in Brazilian freshwaters: identifying
biases and gaps in ecological research

Barbbara Silva Rocha
Emili Garcia-Berthou
Marcus Vinicius Cianciaruso

Received: 2 December 2021 / Accepted: 11 January 2023 / Published online: 28 January 2023
© The Author(s), under exclusive licence to Springer Nature Switzerland AG 2023

Abstract Brazil is the country in the world with
the highest freshwater fish diversity. Because of the
high rates of species introduction, the number of
publications about invasive fish has increased in the
last decades in this country. We conducted a system-
atic review of the literature to identify knowledge
patterns and gaps related to the introduction of non-
native fishes in distinct Brazilian freshwater ecosys-
tems. Compared to the last official report, we found
that the number of records in the literature is three
times greater, with at least 352 non-native freshwater
fish species (255 translocated and 97 exotics). Stud-
ies were concentrated in developed and impacted
regions of the country and were mostly conducted in
reservoirs and rivers. Only 7% of the studies tested
invasion hypotheses, mainly those in the so-called
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Darwin’s and trait concept clusters. Studies that
assessed the effects of non-native species investigated
a few species, such as Oreochromis niloticus, Copto-
don rendalli, or Cichla kelberi. However, the impacts
of most species, especially those translocated among
Brazilian ecoregions, remain largely unexplored.
Therefore, the fish invasion literature in Brazil still
has relevant knowledge gaps, biases, and research
topics needing investigation. This picture prevents a
proper understanding of the ecological and socio-eco-
nomic consequences of fish introductions to native
ecosystems, especially in highly biodiverse regions
such as the Amazon. Future research and government
agendas should fill these knowledge gaps to allow the
establishment of effective surveillance, control, and
management programs for non-native fishes in Brazil-
ian freshwaters.

Keywords Introduced fishes - Review - Invasion
hypotheses - Ecological impacts - Translocated
species

Introduction

Invasive non-native species are one of the major com-
ponents of human-mediated global change (Ricciardi
2007; Simberloff et al. 2013). Freshwater ecosystems
are among the environments most affected by species
invasions and their impacts due to long histories of
introductions and hydrologic alteration, among other
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factors (Garcia-Berthou et al. 2005; Casal 2006; Ric-
ciardi and Maclsaac 2011; Albert et al. 2021). Despite
representing a small fraction of the Earth’s surface,
these environments harbor about 12% of all described
species in the world (i.e., more than 140,000) and
provide crucial economic and well-being benefits to
humans (Reid et al. 2019; Albert et al. 2021). Among
aquatic organisms, freshwater fish are one of the most
introduced and threatened groups (Gozlan et al. 2010;
Olden et al. 2010). Due to the growth in global trade
and human mobility, fishes have been widely intro-
duced outside their native range for different purposes
(e.g., aquaculture and recreational fishing) (Cam-
bray 2003). Introduced fishes often cause ecological
changes in invaded ecosystems, potentially leading to
the extinction of native or endemic species and accel-
erating biotic homogenization (Rahel 2002; Clavero
and Garcia-Berthou 2005). Consequently, fish inva-
sions in freshwater systems have become a frequent
research topic of ecologists and conservation biolo-
gists (Maclsaac et al. 2011; Ricciardi and Maclsaac
2011; Boltovskoy et al. 2018).

One of the most fundamental questions in inva-
sion biology is what ecological factors drive the
establishment of introduced species in recipient eco-
systems (Catford et al. 2009). Understanding the
establishment process helps predict new potential
introductions and prevent future invasions, advances
ecological and evolutionary theory, and is a key tool
for management decisions (Cucherousset and Olden
2011). Several invasion hypotheses try to explain
invasion success (Catford et al. 2009; Chabrerie et al.
2019; Enders et al. 2020). In a recent synthesis, these
hypotheses were classified into five concept clusters
according to particular perspectives on biological
invasions (Enders et al. 2020): (1) biotic interaction,
(2) Darwin’s cluster, (3) trait, (4) propagule, and (5)
resource availability clusters. The biotic interaction
cluster includes hypotheses that consider the role of
interspecific interactions (most them negative) on
invasion success. Darwin’s cluster considers species’
evolutionary legacies, mainly emphasizing the impor-
tance of niche similarity between native and invasive
species. The trait cluster highlights the importance
of species traits to invasion success. The propagule
cluster relates establishment success to the number
and frequency of introduced individuals. Finally, the
resource availability cluster includes hypotheses that
associate invasion success with access to resources
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in the new environment (Enders et al. 2020). Studies
have reported the contribution of different ecologi-
cal mechanisms proposed by these clusters for fish
invasion (Marchetti et al. 2004; Queiroz-Sousa et al.
2018; Chabrerie et al. 2019). However, their relative
importance is context-dependent and varies with spe-
cies characteristics and recipient ecosystems (Catford
et al. 2009; Rocha and Cianciaruso 2021). Moreover,
there is no synthesis of how these hypotheses have
been explored in tropical freshwater systems.

The ecological impacts of non-native species are
another critical question in invasion ecology (Bol-
tovskoy et al. 2018) because it is especially relevant
for developing and prioritizing mitigation and man-
agement programs (Cucherousset and Olden 2011).
Fish invasions can directly or indirectly affect a range
of components in freshwater ecosystems (Cucher-
ousset and Olden 2011). For example, they can lead
to species extinction or changes in food webs due to
harmful interactions (i.e., predation, competition,
hybridization, or parasitism) with fishes or other
native organisms (Gozlan et al. 2010). Invasive fishes
may also affect environmental conditions and ecosys-
tem functions. For instance, the widely introduced
common carp (Cyprinus carpio) increases nutrient
concentration in the water column due to bioturba-
tion, affecting nutrient cycling (Matsuzaki et al.
2009). Vila et al. (2010) found that introductions of
brook trout (Salvelinus fontinalis) impact ecosystem
services in European freshwaters by affecting recrea-
tional use through declines of native salmonids and
modifying water quality through changes in nutrient
cycling. Capps and Flecker (2013) also found altera-
tions in nutrient cycling caused by the invasion of a
catfish (Pterygoplichthys sp.) in a nutrient-limited
stream.

Several fish species have been repeatedly intro-
duced to different regions of the world and research
efforts about invasion impacts have increased over
time (Gherardi 2007b; Gozlan 2008; Maclsaac
et al. 2011). However, researchers tend to concen-
trate on a few non-native fish species (Cucherous-
set and Olden 2011; Crystal-Ornelas and Lockwood
2020). Many factors can explain this pattern. For
instance, salmonid species (e.g., rainbow trout,
Oncorhynchus mykiss) receive more attention due
to their commercial value and popularity (Gherardi
2007a; Zenni et al. 2021). Similarly, non-native
fishes with well-recognized detrimental impacts,
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such as the common carp, have had their ecological
effects studied for different ecosystems (Maclsaac
et al. 2011). Widely introduced species also receive
more attention. For instance, mosquitofishes (Gam-
busia affinis and G. holbrooki) have been success-
fully introduced into many countries and are easily
found in freshwater ecosystems (Welcomme 1988;
Garcia-Berthou et al. 2005). However, the fact that
the vast majority of non-native species were not
studied does not mean a lack of ecological impacts
(Gherardi 2007a; Simberloff et al. 2013). There-
fore, identifying general patterns related to the fre-
quency and context to which non-native fish species
impacts have been studied in Brazilian freshwater
ecosystems allow us to identify knowledge gaps and
future research needs.

Brazil is the country in the world with the high-
est freshwater fish diversity, with around 3300 spe-
cies, most of which are native or endemic to specific
freshwater systems or ecoregions (Reis et al. 2003;
Agostinho et al. 2005). For example, in the Iguassu
ecoregion, there are 100 described fish species,
approximately 70% considered endemic (Agostinho
et al. 2005; Daga et al. 2016). According to the last
report from the Brazilian Environmental Ministry
(Latini et al. 2016) there are 109 non-native fish spe-
cies occurring in Brazil. Of these, 54 are translocated
(species native to Brazil translocated outside their
natural range within Brazil) and 55 are exotic (spe-
cies introduced in Brazil). These introductions are
mainly related to human activities such as fish stock-
ing, aquaculture, the aquarium trade, and recreational
fishing (Britton and Orsi 2012; Ortega et al. 2015;
Latini et al. 2016; Garcia et al. 2018; Gubiani et al.
2018). Combined with these human activities, cur-
rent national policies foster unsustainable practices
that increase introduction rates and the spread of non-
native fishes in different Brazilian freshwater systems
and ecoregions (Pelicice et al. 2017). For example,
plans to massively expand aquaculture in natural
water bodies are especially concerning because they
often involve non-native fishes that cause negative
impacts on receptor ecosystems (Vitule et al. 2014;
Lima et al. 2018; Charvet et al. 2021). Following the
high introduction rates, the number of publications
about non-native species in Brazilian freshwater eco-
systems has markedly increased in the last decades
(Frehse et al. 2016; Gubiani et al. 2018; Pereira et al.
2018).

This study reviews the literature about non-native
fish species in Brazilian freshwater ecosystems, iden-
tifying biases in the current state of knowledge and
scientific gaps in the field. For this, we focused on (1)
the number of exotic and translocated species intro-
duced in distinct Brazilian ecosystems; (2) which
freshwater ecoregions and systems, research topics,
and invasion hypotheses are more addressed in the
literature; and (3) which components of recipient eco-
systems and type of non-native species are investi-
gated when assessing the impact of invasions.

Methods

In December 2020, we conducted a systematic review
in the Web of Science, Scopus, and Scielo databases
and literature used by previous reviews (Daga et al.
2016; Frehse, et al. 2016; Latini et al. 2016; Pereira
et al. 2018; Ruaro et al. 2020), searching for all pub-
lications about non-native freshwater fishes in Bra-
zil. We conducted the study following the PRISMA
protocol for systematic reviews (Moher et al. 2009).
The following keywords were included in the search
string of the databases: topic=(fish* OR (scientific
name of all non-native freshwater fishes reported as
occurring in Brazilian freshwaters separated by the
Boolean operator ‘OR’)) AND topic=(inva* OR
alien OR exotic OR non-native OR non-indigenous
OR introduced) AND topic=(aquatic OR freshwa-
ter OR reservoir OR lake OR stream OR river OR
lagoon OR floodplain OR wetland) AND all research
fields = (Brazil). The term “Brazil” was included in
the “‘all research fields’” to include studies conducted
in Brazil without mentioning this keyword in the
topic. The timespan considered was all years up to the
date of the search. Then, we refined the search look-
ing for articles and reviews using the “area” filter for
“Environmental Sciences”, “Ecology”, ‘“Zoology”,
“Freshwater Biology”, “Biodiversity”, “Conserva-
tion”, “Fisheries” and ‘“Water Resources”.

The term “non-native” is commonly used to define
a species introduced to areas beyond its native range
(Kolar and Lodge 2001; Xiong et al. 2015; Daga et al.
2016). Therefore, we considered non-native species
those (1) native to Brazil but translocated outside
their natural range within Brazil (translocated); (2)
introduced into Brazil from other countries or regions
(hereafter, exotic species). In our search, we included

@ Springer



1646

B. S. Rochaet al.

the 109 scientific names of non-native fishes (i.e.,
translocated and exotics) occurring in Brazilian fresh-
waters according to the last Brazilian Environmental
Ministry report (Latini et al. 2016).

We established two criteria for a study to be
included in our review: (1) the article assessed the
ecology or at least mentioned the occurrence of a
fish species as non-native, and (2) the study was con-
ducted in a Brazilian freshwater ecosystem. There was
no language restriction in the search. We excluded
studies carried out in estuaries or coastal lagoons
because these are transitional ecosystems with saline
environments and non-native marine fishes. To
update the last official report of non-native fish spe-
cies in Brazilian freshwaters (Latini et al. 2016), we
recorded all non-native species names in studies pub-
lished after 2015 (including Bueno et al. 2021 and
Tonella et al. 2022). Then, we classified these species
as translocated or exotic according to FishBase (Fro-
ese and Pauly 2021). We also registered the estimated
introduction year in Brazilian freshwaters for each
species. For this, we did an exhaustive search in the
literature. When the introduction year was not found,
we considered the oldest sampling date reporting the
occurrence of the species in the literature or the old-
est species occurrence record available in the Bra-
zilian Biodiversity Information Facility Repository
(SiBBr; http://www.sibbr.gov.br). Species names fol-
lowed the list of valid species names in Eschmeyer’s
Catalog of Fishes (Fricke et al. 2021). For all selected
articles, we collected information about the freshwa-
ter ecoregion, the type of freshwater system, and the
research topic studied. We identified the ecoregions
following Abell et al. (2008) and considered the fol-
lowing freshwater system types: floodplain, lagoon,
lake, reservoir, river, and stream.

We classified research topics addressed in the stud-
ies into biology/genetics/ecology (BGE), occurrence,
impact, introduction vectors, invasion hypotheses,
policy/management, and reviews. The BGE topic
included articles that investigated biology (e.g., diet
and reproduction), genetic aspects, or basic ecologi-
cal questions (for example, the influence of environ-
mental factors on temporal or spatial dynamics of
species) of non-native fishes. The occurrence topic
consisted of articles reporting new non-native species
or records, while the impact topic covered studies that
assessed the effects or discussed potential impacts of
non-native fishes. In the introduction vectors topic,
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we included studies examining introduction vec-
tors associated with non-native species occurrence.
For the invasion hypotheses, we considered studies
assessing hypotheses related to fish invasion success
in freshwater systems. Finally, policy/management
studies were those related to public policy (legisla-
tion) or conservation management (e.g., mitigation
programs) for non-native fishes in Brazilian freshwa-
ter ecosystems.

For those articles concerning invasion hypotheses,
we identified the hypothesis and its respective con-
cept cluster following Enders et al. (2020). The five
concept clusters considered were: biotic interactions,
Darwin’s, trait, propagule, and resource availability.
For those papers evaluating the impact of non-native
fishes, we also checked if the effect focused on: native
fishes, other native organisms, ecosystem effects
(ecosystem functions and habitat conditions), and
socioeconomic interests. We also determined if the
study evaluated the impact of either a specific or a set
of non-native species (i.e., a general effect) on eco-
system components; for studies assessing the effects
of specific fish species, we compiled the scientific
name of the species. We conducted multiple counts
per article when needed; some studies, for example,
have been conducted in more than one ecoregion or
more than one freshwater system. For review articles,
we only collated information on the research topic
studied. Therefore, the results reflect the proportion
of the total articles selected for this review, and the
sum of the proportions of categories can reach values
greater than 100%.

Results

Our search resulted in 1666 articles, of which 390
matched the selection criteria and constituted the final
list for this systematic review (see Appendices 1 and
2 and Fig. S1 in Electronic Supplementary Material).
We found 243 new non-native fish species records
in the literature besides the 109 already listed in the
last official report. Therefore, we are now aware of
352 non-native species occurring in Brazilian fresh-
waters, of which 255 are translocated species and 97
are exotic (Table S1). We were able to estimate the
introduction year for 342 species (Table S1). The first
records of species introductions are the translocated
Satanoperca jurupari, Duopalatinus emarginatus,
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Phalloceros caudimaculatus, and the exotic cas-
carudo (Callichthys callichthys), all in 1865. The
number of translocated species greatly increased in
the 1980’s and, since then, has been increasing at a
fast pace. The number of exotic introductions started
to increase in the 1990’s and continues to increase,
even if in lower numbers when compared to translo-
cated species (Fig. 1). Most studies were conducted
in the Upper Parana (54.4%, n=212) followed by
Paraiba do Sul (10%, n=238), Northeastern Mata
Atlantica (8.2%, n=32) and Sao Francisco (7.2%,
n=28) freshwater ecoregions (Fig. 2A). Regarding
freshwater systems, studies were mainly conducted
in reservoirs (45%, n=176), followed by rivers (30%,
n=116) (Fig. 2B). The most explored research topics
in publications were occurrence (43%, n=168), BGE
(36%, n=142), and the impact of non-native species
(12.5%, n=48). The paucity of studies focusing on
other research topics is noteworthy (Fig. 2C).
Although only 7% (n=27) of the studies evalu-
ated invasion hypotheses, 13 hypotheses were used
to explain fish invasions in Brazil (Table 1). Over-
all, researchers have mostly explored hypotheses
related to Darwin’s (n=20) and trait (n=11) clusters
(Table 1). Most articles focused on the “ideal weed
hypothesis” (n=35), in which invasion success is
related to specific fish traits. Most studies about the
impact of non-native species assessed their effects on
native fishes (10%, n=38; Fig. 2D), whereas only a
few evaluated their impact on socioeconomic aspects

o] O <t MO N «— O O
N MO < IO © I~ 0 O O O
oD OO OO OO OO OO OO O O O O
AN N N

Year

(1%, n=4). Generally, these studies focused on a par-
ticular non-native species (9%, n=236) rather than in
species groups (3%, n=12, Table S2). Considering
all studies that evaluated the impact of specific non-
native species, only 47 species were studied (13% of
the non-native species occurring in Brazilian fresh-
waters). Among these species, the most investigated
were the exotics Nile tilapia (Oreochromis niloticus)
and redbreast tilapia (Coptodon rendalli), represent-
ing 2.8% (n=11) and 1% ( n=4), respectively, and
the translocated yellow peacock bass (Cichla kelberi)
representing 1.5% (n=6) of studies (Figs. 2E and 3).

Discussion

According to our findings, the number of non-native
freshwater fish species occurring in Brazilian fresh-
waters is three times higher than previously reported
(Latini et al. 2016). This result is due to recent check-
lists and data papers that gathered information about
occurrences using data from research groups across
distinct ecoregions in Brazil (Daga et al. 2016; Frota
et al. 2016, 2019; Dos Reis et al. 2020; Bueno et al.
2021; Tonella et al. 2022). Most non-native spe-
cies records are due to translocations. The temporal
introduction trend for these species began sharply
increasing in the 1980s with the Itaipu dam construc-
tion in the Upper Parana ecoregion that eliminated
the Sete Quedas falls, a major natural barrier in the
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Table 1 References identified in the literature review that analyze invasion hypotheses (following Enders et al. 2020). We did not
identify studies addressing the 26 other hypotheses described by Enders et al. (2020)

Concept cluster Invasion hypothesis Hypothesis description References

Biotic interaction Enemy release The absence of natural enemies in Lima-Junior et al. (2015)
the introduced range explains the
establishment success of non-natives
(Keane and Crawley 2002)

Darwin’s Biotic Acceptance Ecosystems accommodate the establish- Thomaz et al. (2012), dos Santos et al.
Cluster ment and coexistence of non-native (2018b, a)

species despite the presence and abun-

dance of native species (Stohlgren

et al. 2006)
Biotic Resistance Ecosystems with high diversity are Thomaz et al. (2012), Ribas et al. (2017),
more resistant against non-native dos Santos et al. (2018b, a)

species than ecosystems with low
diversity (Levine and D’Antonio
1999; Elton 2020)

Darwin’s naturalization Non-native species establishes more in ~ Skdra et al. (2015)
areas that are poor in closely related
species than in areas that are rich in
closely related species (Darwin 1859)

Limiting similarity The establishment success of non- Pereira et al. (2017)
native species is high if they differ
from native species, and low if they
are more similar to native species
(MacArthur and Levins 1967)

Ecological “naivety” The establishment of a non-native spe-  Kovalenko et al. (2010), Pereira et al.
cies is influenced by the evolutionary (2019)
history of the invaded community.
Largest impacts are caused by species
(e.g., predators, herbivores) invading
systems where no ecologically similar
species exist (Diamond and Case
1986; Ricciardi and Atkinson 2004)

Trait/Darwin’s cluster Adaptation Establishment success depends on Skora et al. (2015), Pereira et al. (2017)
adaptation to conditions in the recipi-
ent ecosystem before and/or after
introduction. Non-native species more
related to native species have more
success in adaptation (Duncan and

Williams 2002)
Habitat filtering The establishment success of non-native Espinola et al. (2010), Agostinho et al.
species in the new area is higher if (2015), Gois et al. (2015), Frederico

they are pre-adapted to this area (Wei- et al. (2019)
her and Keddy 1995)

Ideal weed The establishment success of non-native Pereira et al. (2015), Nanini-Costa et al.
species depends on its specific traits (2017), Mendonga et al. (2018), Tonella
(Baker 1974; Rejmanek and Richard- et al. (2018), Garcia et al. (2020)
son 1996)
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Table 1 (continued)

Concept cluster Invasion hypothesis

Hypothesis description

References

Resource availability Disturbance

Non-native species establishes more
in highly disturbed than in relatively

Linde et al. (2008), Santos et al. (2018b,
a), Santana Marques et al. (2020)

undisturbed ecosystems (Elton 1958;
Hobbs and Huenneke 1992)

Opportunity windows

Non-native species establishes if there

Assis et al. (2017)

is availability of empty niches in the
introduced range, and the availability
of these niches fluctuates in space and
time (Johnstone 1986)

Propagule Invasional meltdown

The presence of non-native species in

Braga et al. (2020)

an ecosystem facilitates the establish-
ment of other non-native species,
increasing their survival likelihood
(Simberloff and Von Holle 1999)

Propagule pressure

et al. 2009)

A high propagule pressure increases
establishment success (Lockwood

Carvalho et al. (2014), Frehse et al.
(2020), Teixeira et al. (2020), Forneck
et al. (2021)

region (Skora et al. 2015; Gubiani et al. 2018). Other
practices taken to mitigate the impacts of dam con-
struction on fish diversity were also responsible for
increasing translocations, e.g., non-native fish stock-
ing in reservoirs and fish ladders built from the 2000’s
onwards (Juilio Janior et al. 2009; Ortega et al. 2015).
The intense aquaculture activity in the last decades
also contributed to the increasing number of translo-
cations. This is because species escape from cages or
excavated tanks (ponds) installed near the freshwater
systems by different mechanisms, such as floods, cage
or tank rupture, and bad practices in the handling of
farmed fishes (Orsi and Agostinho 1999; Azevedo-
Santos et al. 2011; Ortega et al. 2015).

Moreover, in recent years, new translocated and
exotic species have been reported in Brazilian regions
other than Upper Parana (Neuhaus et al. 2016; Froe-
hlich et al. 2017; Rodrigues-Filho et al. 2016; Becker
et al. 2016). This also includes the Iguassu and the
Paraiba do Sul freshwater ecoregions, which host
a high number of endemic species and where new
translocations for recreational fishing and aquacul-
ture purposes have been recently reported (Daga et al.
2016; Frota et al. 2016; Delariva et al. 2018; Hono-
rio and Martins 2018). Regarding the exotic species,
extensive ornamental fish aquaculture in Paraiba
do Sul has been one of the leading causes of sev-
eral exotic species introductions since the beginning
of the 2000s (Magalhaes et al. 2002; Honorio and
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Martins 2018). Some ecoregions are threatened by
recent human activities which facilitate new introduc-
tions: the Sdo Francisco and Northeastern Caatinga
and Coastal Drainage due to the S3o Francisco River
transposition (Ramos et al. 2018); the Tocantins-
Araguaia due to aquaculture (Lima et al. 2018) and
several ecoregions in the Amazon region due to dam-
ming, aquaculture and the aquarium trade (Lees et al.
2016; Doria et al. 2021). These ecoregions are poorly
represented in the literature; therefore, little is known
about their fish diversity patterns (Frehse et al. 2020;
Junqueira et al. 2020; Lima et al. 2021). This is a mat-
ter of great concern not only because the number of
non-native fishes is probably much higher than what
we found, but also because the effects of these inva-
sions on native freshwater ecosystems and species are
unknown.

More than half of the studies were conducted in
Upper Parana, the wealthiest and most populated
ecoregion in Brazil. This is a region with heavily
altered landscapes and intense propagule of non-
native species due to human activities, such as aqua-
culture, fisheries, the aquarium trade, and dam con-
struction (Vitule et al. 2012; Magalhies and Jacobi
2013; Garcia et al. 2018; Gubiani et al. 2018). This
region has the highest hydroelectric potential in oper-
ation in South America and harbors the second-larg-
est hydroelectric power plant in the world (Itaipu). At
the same time, this region concentrates a high number
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Fig. 3 Number of articles investigating the ecological impacts of non-native fish species (47 species) classified as exotic (green) or

translocated (blue)

of consolidated research groups and programs (e.g.,
long-term ecological research sites), with one of the
highest research budgets in the country (Scarano
2007; Frehse et al. 2016; Ruaro et al. 2020). All this
explains the Upper Parana overrepresentation in stud-
ies of fish invasion. Most studies (74%) concentrate
on a few ecoregions in southern Brazil (Upper Par-
ana, Paraiba do Sul, and Iguassu), where most fresh-
water systems and research topics were investigated.
The underrepresentation of the Tocantins-Araguaia
and other ecoregions in the Brazilian Amazon is con-
cerning because of the intense development pressure
these regions have faced in recent years. Remarkable
examples are the Belo Monte (the third-largest hydro-
electric dam in the world) and aquaculture expansion
(Lees et al. 2016; Latrubesse et al. 2017; Pelicice
et al. 2017). Regarding the importance of these

activities as introduction vectors, the scenario of bio-
logical invasions is grim for the Amazon.

The high occurrence of non-native fishes in res-
ervoirs and human-impacted rivers also helps to
explain why these systems were the most studied. The
increased human activities altered the environmen-
tal characteristics of these freshwater systems, mak-
ing them more prone to introductions. Reservoirs are
human-made environments where non-native species
are introduced for aquaculture, stocking, and recrea-
tional fishing (Britton and Orsi 2012; Ortega et al.
2015). Moreover, reservoirs promote the conversion
of lotic to lentic environments in the flooded area
and downstream, thus altering the hydrologic regime,
limnological conditions, and resource availability and
favoring the establishment of non-native species more
adapted to these new conditions (Poff et al. 2007,
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Johnson et al. 2008). Similarly, rivers with more
impoundments or water transfers among basins are
more susceptible to subsequent invasions, and altered
connectivity facilitates the dispersal of these non-
native species (Liew et al. 2016; Queiroz-Sousa et al.
2018). For instance, the Parand River Basin is the
second-largest river drainage in the Neotropics and
the most impounded with a large number of reser-
voirs and, consequently, non-native fishes (Agostinho
et al. 2008; Vitule et al. 2012; Gubiani et al. 2018).
These aspects contribute to the high research effort in
the freshwater systems of the Upper Parana ecoregion
(Pereira et al. 2018; Frehse et al. 2020). Despite the
low number of studies in other aquatic habitats (e.g.,
lakes and lagoons), as well as other ecoregions, these
environments are not free from present and future
invasions since new occurrences are increasingly
being reported (Rocha and Schiavetti 2007; Haraya-
shiki et al. 2014; Ortega et al. 2015; Froehlich et al.
2017; Larentis et al. 2019; Nobre et al. 2019).

Most studies in Brazilian freshwater ecosystems
aim to report new occurrences and update the distri-
bution of non-native fishes. This pattern corroborates
that introducing new species is still a current problem
since the number of new non-native species reported
in recent studies is increasing. These studies also fre-
quently assessed, for example, diet and reproduction
(Normando et al. 2009; Vieira et al. 2009; dos Santos
et al. 2014; Ganassin et al. 2020), genetic variability
or how environmental conditions may affect popula-
tion and community dynamics of non-native fresh-
water fish (Casatti et al. 2009; Muniz et al. 2020).
Indeed, information about species occurrence and
basic ecological and biological aspects of non-native
species are crucial to scientists and environmental
managers. In contrast, few studies have focused on
public policy and fish invasion management, reflect-
ing the necessity to discuss recent unsustainable
legislation and assess measures to inspect, control
or eradicate harmful non-native fishes in Brazilian
water bodies. The lack of reviews considering knowl-
edge produced about non-native freshwater fishes is
also noteworthy and must receive attention. Reviews
are fundamental to identifying research biases and
improving future research agendas (Maclsaac et al.
2011).

The fact that only a few studies tested invasion
hypotheses is concerning because many of these
theoretical and applied aspects are related to the

@ Springer

establishment stage in invasion ecology, which is
essential for conceptual understanding and to guide
management. The little attention devoted to exploring
this topic corroborates a general underrepresentation
of aquatic systems (Jeschke et al. 2012), especially
in the Neotropics (dos Santos et al. 2018b, a), in the
literature on invasion. Nevertheless, considering the
few studies we found, all concept clusters of invasion
hypotheses have been addressed, with the Darwin’s
and trait clusters receiving more attention. There-
fore, researchers have mainly associated invasion
success with an evolutionary perspective emphasiz-
ing the importance of non-native species’ niches and
their similarity with native fishes (e.g., Thomaz et al.
2012; Skora et al. 2015). However, there is a lack of
studies testing hypotheses related to other fundamen-
tal aspects of biological invasions such as ecosystem
properties (resource availability cluster), interspecific
interactions (biotic interactions cluster), and interac-
tion with humans (propagule cluster). This is because
hypotheses from these other clusters tend to be tested
under controlled environmental conditions, such as
field experiments. However, most studies about non-
native species in Brazil are observational (Ruaro et al.
2020). For instance, even if the invasional meltdown
and propagule pressure hypotheses are well supported
for freshwater organisms (Jeschke et al. 2012; Cassey
et al. 2018; Rocha and Cianciaruso 2021), they only
started to be assessed in Brazilian freshwaters in the
last years (Braga et al. 2020; Frehse et al. 2020; Teix-
eira et al. 2020; Forneck et al. 2021). This is concern-
ing mainly because the current Brazilian environmen-
tal policy allows activities that increase propagule
pressure and the number of non-native fish species.
This includes, for example, the Sdo Francisco River
transposition to a river basin in the Northeastern
Caatinga and Coastal Drainage and the aquaculture
expansion in the Tocantins-Araguaia ecoregion (Lima
et al. 2018; Ramos et al. 2018). Therefore, we suggest
that future studies should also include manipulative
experiments to test hypotheses related to the prop-
agule cluster.

Less than a fifth of the studies we found were
designed to evaluate the impacts of non-native fish
species on native fauna. Almost all reported negative
effects of non-native invasive fishes on native fishes
at different biological levels. These include declin-
ing population abundances (Pelicice and Agostinho
2009; Kovalenko et al. 2010; Attayde et al. 2011;
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Bezerra et al. 2018), loss of taxonomic and func-
tional diversity of native fish communities (Latini and
Petrere Jr 2004; Menezes et al. 2012; Queiroz-Sousa
et al. 2019), and biotic homogenization (Petesse and
Petrere Jr 2012; Vitule et al. 2012). It is interesting
to highlight that using functional or evolutionary
approaches is a more recent practice (Bezerra et al.
2019; Brito et al. 2020; Daga et al. 2020; Magal-
haes et al. 2020). All these impacts can drive native
fishes toward local extinction, including endemic spe-
cies and species with economic potential for humans
(Rahel 2002). Nevertheless, there is still a knowledge
gap on how fish introductions in Brazil have affected
other components of freshwater ecosystems, espe-
cially concerning social and economic impacts (but
see Hoeinghaus et al. 2009; Attayde et al. 2011). This
finding agrees with previous literature reporting that
negative impacts on ecosystem services or monetary
losses promoted by invasive freshwater fishes are
scarcely studied (Gherardi 2007a; Gozlan et al. 2010;
Vila et al. 2010; Crystal-Ornelas and Lockwood
2020). There is also an urgent need to investigate the
impacts of fish invasions in poorly-studied ecore-
gions (for example, the Tocantins-Araguaia and other
ecoregions in the Amazon) that are facing a strong
expansion of dam construction and aquaculture (Lees
et al. 2016; Lima et al. 2018). A comprehensive
understanding of the environmental and socioeco-
nomic impacts of these invasions is crucial for devel-
oping and implementing effective management meas-
ures to prevent, control, or eradicate invasive fishes in
these megadiverse ecoregions.

The great effort observed in assessing specific
impacts of Nile and redbreast tilapias and the yel-
low peacock bass can be related to their high occur-
rence and known invasion impacts. The Nile and
redbreast tilapias are native to Africa and widely
introduced in Brazil for aquaculture and fisheries
purposes (Vasconcelos et al. 2018). The yellow pea-
cock bass is native to the Araguaia and Tocantins
basins (Kullander and Ferreira 2006) and is often
illegally translocated for recreational fishing and
aquaculture in other Brazilian freshwater systems
(Pelicice and Agostinho 2009; Ortega et al. 2015).
In general, we observed that large-sized species that
have fish in their diet (piscivores and omnivores)
had received more attention from researchers. This
is expected because species with such character-
istics are known to negatively impact ecosystems

and reduce native species diversity (Canonico et al.
2005). Also, there are current government plans to
introduce these species in hydroelectrical reservoirs
that threaten native biodiversity in several Brazilian
regions (Charvet et al. 2021). However, small-sized
species, such as the exotic Poecilia spp. introduced
in Brazil, are reported as highly harmful because
they often carry parasites, eat fish eggs and mod-
ify trophic interactions (Arthington 1989; Englund
1999; Rixon et al. 2005). Therefore, we highlight
the importance of investigating species with such
characteristics.

We emphasize that the impacts of most non-native
fishes occurring in Brazilian freshwater ecosystems is
still unknown. This is especially true for the translo-
cated species, which compose most non-native fishes
in this study. Knowledge gaps about these impacts
can result in inappropriate conservation policies and
management decisions. To develop practical solutions
for reducing species introductions in Brazilian fresh-
water ecosystems, future studies should evaluate non-
native species-specific impacts on ecosystem func-
tioning and the persistence of native species. Also,
it is essential to design and implement strategies to
mitigate the potential impacts of translocations in all
Brazilian freshwater ecoregions. This includes, for
example, controlling the population size of these spe-
cies through intensive and continuous fishing (Santos
et al. 2019). There is an urgent need for more studies
in ecoregions where introductions are likely to have
occurred but were not recorded yet or are occurring
due to the expansion of unsustainable activities like
aquaculture, river impoundment, and water transfers.
Examples of ecoregions that deserve future research
efforts are the Tocantins-Araguaia, Northeastern
Caatinga and Coastal Drainage, Sdo Francisco, and
several other ecoregions in the Brazilian Amazon.

Competing interests

The authors have not disclosed any competing
interests.

Acknowledgements We thank the associate editor and
the anonymous reviewers for their helpful and constructive
remarks. We thank CAPES for the PhD scholarship to BSR and
CNPq for the productivity grant to MVC (#306590/2018-2).
This work was developed in the context of the National Insti-
tutes for Science and Technology (INCT) in Ecology, Evolution

@ Springer



1654

B. S. Rochaet al.

and Biodiversity Conservation, supported by MCTIC/CNPq
(proc. 465610/2014-5) and FAPEG. Additional financial sup-
port was provided by the Spanish Ministry of Science and
Innovation (RED2018-102571-T and PID2019-103936GB-
C21) and the Government of Catalonia (ref. 2017 SGR 548).

Data availability Data used in study is available in Supple-
mentary material.

References

Abell R, Thieme ML, Revenga C et al (2008) Freshwater
ecoregions of the world: a new map of biogeographic
units for freshwater biodiversity conservation. Biosci-
ence 58:403-414

Agostinho AA, Pelicice FM, Gomes LC (2008) Dams and the
fish fauna of the Neotropical region: impacts and man-
agement related to diversity and fisheries. Braz J Biol
68:1119-1132

Agostinho AA, Suzuki HI, Fugi R et al (2015) Ecological and
life history traits of Hemiodus orthonops in the inva-
sion process: looking for clues at home. Hydrobiologia
746:415-430

Agostinho AA, Thomaz SM, Gomes LC (2005) Conservation
of the biodiversity of Brazil’s inland waters. Conserv
Biol 19:646-652

Albert JS, Destouni G, Duke-Sylvester SM et al (2021) Scien-
tists” warning to humanity on the freshwater biodiversity
crisis. Ambio 50:85-94

Arthington AH (1989) Impacts of introduced and translocated
freshwater fishes in Australia. In: Proceedings of Work-
shop on Introduction of Exotic Aquatic Organisms in
Asia. Asian Fisheries Special Publication. pp 7-20

de Assis DAS, Dias-Filho VA, Magalhdes ALB, Brito MFG
(2017) Establishment of the non-native fish Metynnis
lippincottianus (Cope 1870)(Characiformes: Serrasalmi-
dae) in lower Sao Francisco River, northeastern Brazil.
Stud Neotrop Fauna Environ 52:228-238

Attayde JL, Brasil J, Menescal RA (2011) Impacts of introduc-
ing Nile tilapia on the fisheries of a tropical reservoir in
North-eastern Brazil. Fish Manag Ecol 18:437—443

de Azevedo-Santos VM, Rigolin-Sa O, Pelicice FM (2011)
Growing, losing or introducing? Cage aquaculture as
a vector for the introduction of non-native fish in Fur-
nas Reservoir, Minas Gerais, Brazil. Neotrop Ichthyol
9:915-919

Baker HG (1974) The evolution of weeds. Annu Rev Ecol Syst
5:1-24

Becker B, Galhardo B, Macedo DR et al (2016) Influence of
limnological zones on the spatial distribution of fish
assemblages in three Brazilian reservoirs. J Limnol
75:156-168

Bezerra LAV, Angelini R, Vitule JRS et al (2018) Food web
changes associated with drought and invasive species in a
tropical semiarid reservoir. Hydrobiologia 817:475-489

Bezerra LAV, Ribeiro VM, Freitas MO et al (2019) Benthifi-
cation, biotic homogenization behind the trophic down-
grading in altered ecosystems. Ecosphere 10:e02757

@ Springer

Boltovskoy D, Sylvester F, Paolucci EM (2018) Invasive spe-
cies denialism: Sorting out facts, beliefs, and definitions.
Ecol Evol 8:11190-11198

Braga RR, Ribeiro VM, Padial AA et al (2020) Invasional
meltdown: an experimental test and a framework to dis-
tinguish synergistic, additive, and antagonistic effects.
Hydrobiologia 847:1603-1618

Brito MF, Daga VS, Vitule JR (2020) Fisheries and biotic
homogenization of freshwater fish in the Brazilian semi-
arid region. Hydrobiologia 847:3877-3895

Britton JR, Orsi ML (2012) Non-native fish in aquaculture and
sport fishing in Brazil: economic benefits versus risks to
fish diversity in the upper River Parani Basin. Rev Fish
Biol Fisheries 22:555-565

Bueno ML, Magalhdes ALB, Andrade Neto FR et al (2021)
Alien fish fauna of southeastern Brazil: species sta-
tus, introduction pathways, distribution and impacts.
Biol Invasions 23:3021-3034. https://doi.org/10.1007/
$10530-021-02564-x

Cambray JA (2003) Impact on indigenous species biodiversity
caused by the globalisation of alien recreational freshwa-
ter fisheries. Hydrobiologia 500:217-230

Canonico GC, Arthington A, McCrary JK, Thieme ML (2005)
The effects of introduced tilapias on native biodiversity.
Aquat Conserv Mar Freshw Ecosyst 15:463-483

Capps KA, Flecker AS (2013) Invasive fishes generate bio-
geochemical hotspots in a nutrient-limited system. PLoS
ONE 8:e54093

Carvalho DC, Oliveira DA, Sampaio I, Beheregaray LB (2014)
Analysis of propagule pressure and genetic diversity in
the invasibility of a freshwater apex predator: the pea-
cock bass (genus Cichla). Neotropical Ichthyology
12:105-116

Casal CMV (2006) Global documentation of fish introductions:
the growing crisis and recommendations for action. Biol
Invasions 8:3-11

Casatti L, de Paula FC, Carvalho FR (2009) Grass-dominated
stream sites exhibit low fish species diversity and domi-
nance by guppies: an assessment of two tropical pasture
river basins. Hydrobiologia 632:273-283

Cassey P, Delean S, Lockwood JL et al (2018) Dissecting the
null model for biological invasions: a meta-analysis of
the propagule pressure effect. PLoS Biol 16:62005987

Catford JA, Jansson R, Nilsson C (2009) Reducing redundancy
in invasion ecology by integrating hypotheses into a sin-
gle theoretical framework. Divers Distrib 15:22—40

Chabrerie O, Massol F, Facon B, et al (2019) Biological inva-
sion theories: merging perspectives from population,
community and ecosystem scales

Charvet P, Occhi TVT, Faria L et al (2021) Tilapia farming
threatens Brazil’s waters. Science 371:356-356

Clavero M, Garcia-Berthou E (2005) Invasive species are a
leading cause of animal extinctions. Trends Ecol Evol
20:110

Crystal-Ornelas R, Lockwood JL (2020) The ‘known
unknowns’ of invasive species impact measurement. Biol
Invasions 22:1513-1525

Cucherousset J, Olden JD (2011) Ecological impacts of nonna-
tive freshwater fishes. Fisheries 36:215-230


https://doi.org/10.1007/s10530-021-02564-x
https://doi.org/10.1007/s10530-021-02564-x

Non-native fishes in Brazilian freshwaters: identifying biases and gaps in ecological research 1655

Cuthbert RN, Diagne C, Hudgins EJ et al (2022) Biological
invasion costs reveal insufficient proactive management
worldwide. Sci Total Environ 819:153404

Daga VS, Debona T, Abilhoa V et al (2016) Non-native fish
invasions of a Neotropical ecoregion with high end-
emism: a review of the Iguacu River. Aquat Invasions
11:209-223

Daga VS, Olden JD, Gubiani EA et al (2020) Scale-dependent
patterns of fish faunal homogenization in Neotropical
reservoirs. Hydrobiologia 847:3759-3772

Darwin C (1859) On the origins of species by means of natural
selection. Murray, London

Delariva RL, Neves MP, Larentis C et al (2018) Fish fauna
in forested and rural streams from an ecoregion of high
endemism, lower Iguacu River basin. Brazil Biota Neo-
tropica 18:¢20170459

Diagne C, Leroy B, Vaissiere A-C et al (2021) High and ris-
ing economic costs of biological invasions worldwide.
Nature 592:571-576

Diamond J, Case TJ (1986) Overview: introductions, extinc-
tions, exterminations, and invasions. In: Diamond J, Case
TJ (eds) Community ecology. Harper and Row, New
York, pp 65-79

Doria CRDC, Agudelo E, Akama A et al (2021) The silent
threat of non-native fish in the Amazon: ANNF database
and review. Front Ecol Evol 9:646702. https://doi.org/10.
3389/fevo.2021.646702

Dos Reis RB, Frota A, Depra GDC et al (2020) Freshwater
fishes from Paran State, Brazil: an annotated list, with
comments on biogeographic patterns, threats, and future
perspectives. Zootaxa 4868:451-494

dos Santos DA, Hoeinghaus DJ, Gomes LC (2018a) Spa-
tial scales and the invasion paradox: a test using fish
assemblages in a Neotropical floodplain. Hydrobiologia
817:121-131

dos Santos NCL, Medeirosdo N, da Rocha AAF T et al (2014)
Use of food resources by Plagioscion squamosissimus - a
non-native piscivore in Sobradinho reservoir-BA, Brazil.
Bol Inst Pesca 40:397-408

Duncan RP, Williams PA (2002) Ecology: Darwin’s naturaliza-
tion hypothesis challenged. Nature 417:608

Elton CS, Elton CS (1958) The reasons for conservation (pp
143-153). Springer US

Elton CS (2020) The ecology of invasions by animals and
plants. Springer Nature, New York

Enders M, Havemann F, Ruland F et al (2020) A conceptual
map of invasion biology: integrating hypotheses into a
consensus network. Glob Ecol Biogeogr 29:978-991

Englund RE (1999) The impacts of introduced poeciliid fish
and Odonata on the endemic Megalagrion (Odonata)
damselflies of Oahu Island. Hawaii J Insect Conserv
3:225-243

Espinola LA, Minte-Vera CV, Jalio HF (2010) Invasibil-
ity of reservoirs in the Parana Basin, Brazil, to Cichla
kelberi Kullander and Ferreira, 2006. Biol Invasions
12:1873-1888

Forneck SC, Dutra FM, de Camargo MP et al (2021) Aquacul-
ture facilities drive the introduction and establishment of
non-native Oreochromis niloticus populations in Neo-
tropical streams. Hydrobiologia 848:1955-1966

Frederico RG, Salvador GN, Andrade A et al (2019) Freshwa-
ter ecosystem vulnerability: Is native climatic niche good
enough to predict invasion events? Aquat Conserv Mar
Freshw Ecosyst 29:1890-1896

Frehse FA, Braga RR, Nocera GA, Vitule JRS (2016) Non-
native species and invasion biology in a megadiverse
country: scientometric analysis and ecological interac-
tions in Brazil. Biol Invasions 18:3713-3725

Frehse FA, Hargrove JS, Weyl OL, Vitule JR (2020) The
genetic characteristics of invasive Largemouth Bass in
southern Brazil. J Appl Ichthyol 36:46-54

Fricke R (2021) Eschmeyer’s catalog of fishes: Genera/species
by family/subfamily. Electron Vers Accessed 25:2021

Froehlich O, Cavallaro M, Sabino J et al (2017) Checklist of
the Ichthyofauna from Mato Grosso do Sul state. Brazil
Theringia Série Zoologia 107:€2017151

Froese R, Pauly D (2021) FishBase. World wide web electronic
publication. http://www.fishbase.org

Frota A, Gongalves EVR, de Carvalho DG, da Graga WJ
(2016) Inventory of the ichthyofauna from the jordao
and areia river basins (Iguagu drainage, Brazil) reveals
greater sharing of species than thought. Check List 12:1—
12. https://doi.org/10.15560/12.6.1995

Frota A, Message HJ, Oliveira RC et al (2019) Ichthyofauna of
headwater streams from the rio ribeira de iguape basin,
at the boundaries of the ponta grossa arch, parand, bra-
zil [Ictiofauna de riachos de cabeceira da bacia do rio
ribeira de iguape, nos limites do arco de ponta grossa,
parand, brasil]. Biota Neotrop. https://doi.org/10.1590/
1676-0611-BN-2018-0666

Ganassin MJ, Frota A, Muniz CM et al (2020) Urbanisation
affects the diet and feeding selectivity of the invasive
guppy Poecilia reticulata. Ecol Freshw Fish 29:252-265

Garcia DA, Tonella LH, Alves GH et al (2020) Seasonal and
habitat variations in diet of the invasive driftwood catfish
Trachelyopterus galeatus in a Neotropical river basin,
Brazil. J Appl Ichthyol 36:326-335

Garcia DAZ, Britton JR, Vidotto-Magnoni AP, Orsi ML (2018)
Introductions of non-native fishes into a heavily modified
river: rates, patterns and management issues in the Par-
anapanema River (Upper Parana ecoregion, Brazil). Biol
Invasions 20:1229-1241

Garcia-Berthou E, Alcaraz C, Pou-Rovira Q et al (2005)
Introduction pathways and establishment rates of inva-
sive aquatic species in Europe. Can J Fish Aquat Sci
62:453-463

Gherardi F (2007a) Measuring the impact of freshwater NIS:
What are we missing? In: Biological invaders in inland
waters: profiles, distribution, and threats. Springer, pp
437-462

Gherardi F (2007b) Biological invasions in inland waters: an
overview. In: Biological invaders in inland waters: pro-
files, distribution, and threats. Springer, pp 3-25

Gois KS, Pelicice FM, Gomes LC, Agostinho AA (2015) Inva-
sion of an Amazonian cichlid in the Upper Parana River:
facilitation by dams and decline of a phylogenetically
related species. Hydrobiologia 746:401-413

Gozlan RE (2008) Introduction of non-native freshwater fish: is
it all bad? Fish Fish 9:106-115

@ Springer


https://doi.org/10.3389/fevo.2021.646702
https://doi.org/10.3389/fevo.2021.646702
http://www.fishbase.org
https://doi.org/10.15560/12.6.1995
https://doi.org/10.1590/1676-0611-BN-2018-0666
https://doi.org/10.1590/1676-0611-BN-2018-0666

1656

B. S. Rochaet al.

Gozlan RE, Britton JR, Cowx I, Copp GH (2010) Current
knowledge on non-native freshwater fish introductions. J
Fish Biol 76:751-786

Gubiani EA, Ruaro R, Ribeiro VR et al (2018) Non-native
fish species in Neotropical freshwaters: how did they
arrive, and where did they come from? Hydrobiologia
817:57-69

Harayashiki CA, Varela Junior AS, Burns MD, Vieira Sobrinho
JP (2014) Establishing evidence of a non-native spe-
cies Pachyurus bonariensis Steindachner, 1879 (Perci-
formes, Sciaenidae) in Mirim Lagoon, Rio Grande do
Sul (Brazil)

Haubrock PJ, Cuthbert RN, Hudgins EJ et al (2022) Geo-
graphic and taxonomic trends of rising biological inva-
sion costs. Sci Total Environ 817:152948

Hobbs RJ, Huenneke LF (1992) Disturbance, diversity, and
invasion: implications for conservation. Conservation
biology 6(3):324-337

Hoeinghaus DJ, Agostinho AA, Gomes LC et al (2009)
Effects of river impoundment on ecosystem services
of large tropical rivers: Embodied energy and market
value of artisanal fisheries. Conserv Biol 23:1222—
1231. https://doi.org/10.1111/j.1523-1739.2009.
01248.x

Honorio JR, Martins IA (2018) Ichthyofauna of the Una river
in the Paraiba do Sul Paulista River Valley, Southeast-
ern of Brazil. Biota Neotropica 18

Jeschke J, Aparicio LG, Haider S et al (2012) Support for
major hypotheses in invasion biology is uneven and
declining. NeoBiota 14:1-20

Johnson PT, Olden JD, Vander Zanden MJ (2008) Dam
invaders: impoundments facilitate biological invasions
into freshwaters. Front Ecol Environ 6:357-363

Johnstone IM (1986) Plant invasion windows: a time-
based classification of invasion potential. Biol Rev
61:369-394

Jalio Janior HF, Tés CD, Agostinho AA, Pavanelli CS (2009)
A massive invasion of fish species after eliminating a
natural barrier in the upper rio Parana basin. Neotrop
Ichthyol 7:709-718

Junior DPL, Hoeinghaus DJ, Bini LM, Agostinho AA (2015)
Are non-native species larger in their invaded range? A
test with tropical floodplain fish assemblages following
inundation of a biogeographic barrier. Biol Invasions
17:3263-3274

Junqueira NT, Magnago LF, Pompeu PS (2020) Assessing fish
sampling effort in studies of Brazilian streams. Sciento-
metrics 123:841-860

Keane RM, Crawley MJ (2002) Exotic plant invasions and the
enemy release hypothesis. Trends Ecol Evol 17:164-170

Kolar CS, Lodge DM (2001) Progress in invasion biology: pre-
dicting invaders. Trends Ecol Evol 16:199-204

Kovalenko KE, Dibble ED, Agostinho AA, Pelicice FM (2010)
Recognition of non-native peacock bass, Cichla kelberi
by native prey: testing the naiveté hypothesis. Biol Inva-
sions 12:3071-3080

Kullander SO, Ferreira EJ (2006) A review of the South Amer-
ican cichlid genus Cichla, with descriptions of nine new
species (Teleostei: Cichlidae). Ichthyol Explor Freshw
17:289-398

@ Springer

Latini AO, Petrere M Jr (2004) Reduction of a native fish fauna
by alien species: an example from Brazilian freshwater
tropical lakes. Fish Manage Ecol 11:71-79

Latini AO, Resende DC, Pombo VB, Coradin L (eds) (2016)
Espécies exdticas invasoras de aguas continentais no
Brasil. Ministério do Meio Ambiente

Latrubesse EM, Arima EY, Dunne T et al (2017) Damming the
rivers of the Amazon basin. Nature 546:363-369

Larentis C, Baldasso MC, Kliemann BC, Neves MP, Zavaski
AG, Sandri LM, Ribeiro AC, de Sousa Simoes Xavier
DP, de Oliveira Nagasawa Costa G, Delariva RL (2019)
First record of the non-native Xiphophorus hellerii
(Cyprinodontiformes: Poeciliidae), in the Iguazu river
basin, Parand, Brazil. Journal of Applied Ichthyology
35(5):1164-1168

Le S, Josse J, Husson F (2008) FactoMineR: an R package for
multivariate analysis. J Stat Softw 25:1-18

Lees AC, Peres CA, Fearnside PM et al (2016) Hydropower
and the future of Amazonian biodiversity. Biodivers
Vonservation 25:451-466

Levine JM, D’Antonio CM (1999) Elton revisited: a review
of evidence linking diversity and invasibility. Oikos
87:15-26

Liew JH, Tan HH, Yeo DC (2016) Dammed rivers:
impoundments facilitate fish invasions. Freshw Biol
61:1421-1429

Lima LB, Janior PDM, Lima-Junior DP (2021) Trends and
gaps in studies of stream-dwelling fish in Brazil. Hydro-
biologia 848:3955-3968

Lima LB, Oliveira FIM, Giacomini HC, Lima-Junior DP
(2018) Expansion of aquaculture parks and the increas-
ing risk of non-native species invasions in Brazil. Rev
Aquac 10:111-122

Linde AR, Izquierdo JI, Moreira JC, Garcia-Vazquez E (2008)
Invasive tilapia juveniles are associated with degraded
river habitats. Aquat Conserv Mar Freshw Ecosyst
18:891-895

Lockwood JL, Cassey P, Blackburn TM (2009) The more you
introduce the more you get: the role of colonization pres-
sure and propagule pressure in invasion ecology. Divers
Distrib 15:904-910

MacArthur R, Levins R (1967) The limiting similarity, con-
vergence, and divergence of coexisting species. Am Nat
101:377-385. https://doi.org/10.1086/282505

Maclsaac HJ, Tedla RA, Ricciardi A (2011) Patterns and rate
of growth of studies in invasion ecology. In: Fifty Years
of Invasion Ecology: The Legacy of Charles Elton.
Wiley-Blackwell, pp 51-60

Magalhaes AL, Daga VS, Bezerra LA et al (2020) All the
colors of the world: biotic homogenization-differen-
tiation dynamics of freshwater fish communities on
demand of the Brazilian aquarium trade. Hydrobiologia
847:3897-3915

Magalhaes AL, Jacobi CM (2013) Asian aquarium fishes in a
Neotropical biodiversity hotspot: impeding establish-
ment, spread and impacts. Biol Invasions 15:2157-2163

de Magalhaes A, Amaral IB, Ratton TF, de Brito M (2002)
Ornamental exotic fishes in the Gléria reservoir and Boa
Vista stream, Paraiba do Sul river basin, state of Minas
Gerais, southeastern Brazil. Comun Mus Ciénc Tecnol
PUCRS, Série Zoologia 15:265-278


https://doi.org/10.1111/j.1523-1739.2009.01248.x
https://doi.org/10.1111/j.1523-1739.2009.01248.x
https://doi.org/10.1086/282505

Non-native fishes in Brazilian freshwaters: identifying biases and gaps in ecological research 1657

Marchetti MP, Moyle PB, Levine R (2004) Alien fishes in Cali-
fornia watersheds: characteristics of successful and failed
invaders. Ecol Appl 14:587-596

Matsuzaki SS, Mabuchi K, Takamura N et al (2009) Behav-
ioural and morphological differences between feral and
domesticated strains of common carp Cyprinus carpio. J
Fish Biol 75:1206-1220

Mendonca HS, Santos ACA, Martins MM, Aratijo FG (2018)
Size-related and seasonal changes in the diet of the non-
native Cichla kelberi Kullander & Ferreira, 2006 in a
lowland reservoir in the southeastern Brazil. Biota Neo-
trop 18:¢20170493

Menezes RF, Attayde JL, Lacerot G et al (2012) Lower biodi-
versity of native fish but only marginally altered plankton
biomass in tropical lakes hosting introduced piscivorous
Cichla cf. ocellaris. Biol Invasions 14:1353-1363

Muniz CM, Ganassin MJM, Agostinho AA, Gomes LC (2020)
Spatial and environmental factors predict the composi-
tion of non-native fish assemblages in Neotropical reser-
voirs. Biol Invasions 22:499-508

Nanini-Costa MH, Quinaglia GA, Petesse ML, Esteves KE
(2017) Diet of an invading clupeid along an urban neo-
tropical reservoir: responses to different environmental
conditions. Environ Biol Fishes 100:1193-1212

Neuhaus EB, Antonetti DA, Schulz UH (2016) The inva-
sive fish Acestrorhynchus pantaneiro Menezes, 1992
in Southern Brazil: occurrence and food niche overlap
with two native species. J Appl Ichthyol 32:1107-1112

Nobre RL, Caliman A, Guariento RD, Bozelli RL, Carneiro LS
(2019) Effects of the introduction of an omnivorous fish
on the biodiversity and functioning of an upland Amazo-
nian lake. Acta Amazonica 49:221-231

Normando FT, Arantes FP, Luz RK et al (2009) Reproduction
and fecundity of tucunaré, Cichla kelberi (Perciformes:
Cichlidae), an exotic species in Trés Marias Reservoir,
Southeastern Brazil. J Appl Ichthyol 25:299-305

Olden JD, Kennard MJ, Leprieur F et al (2010) Conservation
biogeography of freshwater fishes: recent progress and
future challenges. Divers Distrib 16:496-513

Orsi ML, Agostinho AA (1999) Introducio de espécies de
peixes por escapes acidentais de tanques de cultivo em
rios da Bacia do Rio Parana, Brasil. Revista Brasileira
De Zoologia 16:557-560

Ortega JC, Julio HF, Gomes LC, Agostinho AA (2015) Fish
farming as the main driver of fish introductions in Neo-
tropical reservoirs. Hydrobiologia 746:147-158

Pelicice FM, Agostinho AA (2009) Fish fauna destruction
after the introduction of a non-native predator (Cichla
kelberi) in a Neotropical reservoir. Biol Invasions
11:1789-1801

Pelicice FM, Azevedo-Santos VM, Vitule JR et al (2017) Neo-
tropical freshwater fishes imperilled by unsustainable
policies. Fish Fish 18:1119-1133

Pereira LS, Agostinho AA, Gomes LC (2015) Eating the
competitor: a mechanism of invasion. Hydrobiologia
746:223-231

Pereira LS, Angulo-Valencia MA, Occhi TV et al (2019) Look-
ing through the predator’s eyes: another perspective in
naiveté theory. Biol Invasions 21:2577-2588

Pereira LS, Mise FT, Tencatt LF, et al (2017) Is coexistence
between non-native and native Erythrinidae species

mediated by niche differentiation or environmental filter-
ing? A case study in the upper Parana River floodplain.
Neotrop Ichthyol 15

Pereira LS, de NevesAF, Miyahira IC R et al (2018) Non-
native species in reservoirs: how are we doing in Brazil?
Hydrobiologia 817:71-84

Petesse ML, Petrere M Jr (2012) Tendency towards homogeni-
zation in fish assemblages in the cascade reservoir sys-
tem of the Tieté river basin, Brazil. Ecol Eng 48:109-116

Poff NL, Olden JD, Merritt DM, Pepin DM (2007) Homog-
enization of regional river dynamics by dams and
global biodiversity implications. Proc Natl Acad Sci
104:5732-5737

Queiroz-Sousa J, Brambilla EM, Garcia-Ayala JR et al (2018)
Biology, ecology and biogeography of the South Ameri-
can silver croaker, an important Neotropical fish species
in South America. Rev Fish Biol Fisheries 28:693-714

Queiroz-Sousa J, Keith SA, David GS et al (2019) Species
richness and functional structure of fish assemblages in
three freshwater habitats: effects of environmental factors
and management. J Fish Biol 95:1125-1136

Rahel FJ (2002) Homogenization of freshwater faunas. Annu
Rev Ecol Syst 33:291-315

Ramos TPA, de Lima JA, S, Costa SYL, et al (2018) Continen-
tal ichthyofauna from the Paraiba do Norte River basin
pre-transposition of the Sdo Francisco River, Northeast-
ern Brazil. Biota Neotrop 18:¢20170471

Reid AJ, Carlson AK, Creed IF et al (2019) Emerging threats
and persistent conservation challenges for freshwater bio-
diversity. Biol Rev 94:849-873

Reis RE, Kullander SO, Ferraris CJ (2003) Check list of the
freshwater fishes of South and Central America. Edipucrs

Rejmanek M, Richardson DM (1996) What attributes
make some plant species more invasive? Ecology
77:1655-1661

dos RibasS, Cunha ER, Vitule JRS LG et al (2017) Biotic
resistance by snails and fish to an exotic invasive aquatic
plant. Freshw Biol 62:1266-1275

Ricciardi A (2007) Are modern biological invasions an
unprecedented form of global change? Conserv Biol
21:329-336

Ricciardi A, Atkinson SK (2004) Distinctiveness magnifies the
impact of biological invaders in aquatic ecosystems. Ecol
Lett 7:781-784

Ricciardi A, Maclsaac HJ (2011) Impacts of biological inva-
sions on freshwater ecosystems. In: Fifty years of inva-
sion ecology: the legacy of Charles Elton. Wiley-Black-
well, pp 211-224

Rixon CA, Duggan IC, Bergeron N et al (2005) Invasion
risks posed by the aquarium trade and live fish mar-
kets on the Laurentian Great Lakes. Biodivers Conserv
14:1365-1381

Rocha GR, Schiavetti A (2007) Diversity of fish and fisheries
from the Lake Encantada environmental protection area,
Ilhéus, Brazil. Aquatic Conservation: Marine and Fresh-
water Ecosystems 17(7):702-711

Rocha BS, Cianciaruso MV (2021) Water temperature and lake
size explain Darwin’s conundrum for fish establishment
in boreal lakes. Hydrobiologia 848:2033-2042

de Rodrigues-Filho CA, S, Gurgel-Lourengo RC, Bezerra LAV,
et al (2016) Ichthyofauna of the humid forest enclaves

@ Springer



1658

B. S. Rochaet al.

in the tablelands of Ibiapaba and Araripe, Northeastern
Brazil. Biota Neotrop 16:¢20160273

Ruaro R, Tramonte RP, Buosi PR et al (2020) Trends in studies
of nonnative populations: invasions in the upper Parana
River Floodplain. Wetlands 40:113-124

Santana Marques P, Resende Manna L, Clara Frauendorf T
et al (2020) Urbanization can increase the invasive poten-
tial of alien species. J Anim Ecol 89:2345-2355

Santos AF, Garcia-Berthou E, Hayashi C, Santos LN (2018b)
Water turbidity increases biotic resistance of native
Neotropical piscivores to alien fish. Hydrobiologia
817:293-305

Santos LN, Agostinho AA, Santos AF, Garcia-Berthou E
(2019) Reconciliation ecology in Neotropical reservoirs:
Can fishing help to mitigate the impacts of invasive fishes
on native populations? Hydrobiologia 826:183-193

Scarano FR (2007) Perspectives on biodiversity science in Bra-
zil. Scientia Agricola 64:439-447

Simberloft D, Martin J-L, Genovesi P et al (2013) Impacts of
biological invasions: What’s what and the way forward.
Trends Ecol Evol 28:58-66

Simberloff D, Von Holle B (1999) Positive interactions of non-
indigenous species: Invasional meltdown? Biol Invasions
1:21-32

Skéra F, Abilhoa V, Padial AA, Vitule JRS (2015) Darwin’s
hypotheses to explain colonization trends: evidence from
a quasi-natural experiment and a new conceptual model.
Divers Distrib 21:583-594

Stohlgren TJ, Jarnevich C, Chong GW, Evangelista PH (2006)
Scale and plant invasions: a theory of biotic acceptance.
Preslia 78:405-426

Teixeira DF, Neto FRA, Gomes LC et al (2020) Invasion
dynamics of the white piranha (Serrasalmus brandtii) in
a Neotropical river basin. Biol Invasions 22:983-995

Thomaz SM, Agostinho AA, Gomes LC et al (2012) Using
space-for-time substitution and time sequence approaches
in invasion ecology. Freshw Biol 57:2401-2410

Tonella LH, Fugi R, Vitorino OB et al (2018) Importance of
feeding strategies on the long-term success of fish inva-
sions. Hydrobiologia 817:239-252

Tonella LH, Ruaro R, Daga VS, et al (2022) NEOTROPICAL
FRESHWATER FISHES: a dataset of occurrence and
abundance of freshwater fishes in the Neotropics. Ecol-
ogy (in press)

@ Springer

Vasconcelos FR, Menezes RF, Attayde JL (2018) Effects of
the Nile tilapia (Oreochromis niloticus L.) on the plank-
ton community of a tropical reservoir during and after an
algal bloom. Hydrobiologia 817:393-401

Vieira AB, Melo R, Santos GB, Bazzoli N (2009) Reproductive
biology of the peacock bass Cichla piquiti (Perciformes:
Cichlidae), an exotic species in a Neotropical reservoir.
Neotrop Ichthyol 7:745-750

Vila M, Basnou C, Pysek P et al (2010) How well do we under-
stand the impacts of alien species on ecosystem services?
A pan-European, cross-taxa assessment. Front Ecol Envi-
ron 8:135-144

Vitule JR, Sampaio FD, Magalhdes AL (2014) Monitor Bra-
zil’s fish sampling closely. Nature 513:315-315

Vitule JRS, Skéra F, Abilhoa V (2012) Homogenization of
freshwater fish faunas after the elimination of a natu-
ral barrier by a dam in Neotropics. Divers Distrib
18:111-120

Weiher E, Keddy PA (1995) Assembly rules, null models, and
trait dispersion: new questions from old patterns. Oikos
74:159-164

Welcomme RL (1988) International introductions of inland
aquatic species. Food & Agriculture Organization, Rome

Xiong W, Sui X, Liang S-H, Chen Y (2015) Non-native fresh-
water fish species in China. Rev Fish Biol Fisheries
25:651-687

Zenni RD, Essl F, Garcia-Berthou E, McDermott SM (2021)
The economic costs of biological invasions around the
world. NeoBiota 67:1-9

Publisher’s Note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.

Springer Nature or its licensor (e.g. a society or other partner)
holds exclusive rights to this article under a publishing
agreement with the author(s) or other rightsholder(s); author
self-archiving of the accepted manuscript version of this article
is solely governed by the terms of such publishing agreement
and applicable law.



	Non-native fishes in Brazilian freshwaters: identifying biases and gaps in ecological research
	Abstract 
	Introduction
	Methods
	Results
	Discussion
	Competing interests
	Acknowledgements 
	Anchor 9
	References




